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ABSTRACT
Declining water quality, in addition to hypoxia and eutrophication, may have a
significant impact on the seasonality of biogeochemical parameters throughout the
mainstem of the Chesapeake Bay. The carbonate (CO2) system in the Chesapeake Bay
experiences seasonal and spatial complexities and is influenced by both natural and
anthropogenic variability. Although site-specific studies investigating CO2-system
variability exist within the Chesapeake Bay, few studies have investigated the seasonality
of the CO2-system throughout the entire mainstem. Additionally, recent comprehensive
studies investigating over 50 estuaries along the East Coast of the United States suggest
that estuarine systems are heterotrophic and act as sources of CO2 to the atmosphere; this
current paradigm does not apply to the mainstem of the Chesapeake Bay. The research
presented here will assess the net annual source/sink status of atmospheric CO2 in the
mainstem, along with an evaluation of annual net community production and trophic
status, which is assessed based on a mass balance of dissolved inorganic carbon (DIC).
Discrete observations of DIC and total alkalinity (TA) are collected at 17 stations
throughout the mainstem of the Bay on four cruises between November 2016 and July
2017. The latitudinal salinity gradient along the mainstem of the Bay results in elevated
DIC and TA concentrations at the mouth of the Bay associated with inflowing Atlantic
Ocean waters. Minimum concentrations of DIC and TA are associated with fresher waters,
delivered mainly by the Susquehanna River, at the head of the Bay. The spatial gradients
in DIC and TA are observed regardless of season. Spatial variability of the partial pressure
of CO2 (pCO2) is observed throughout the surface waters of the estuary, with
undersaturation of CO2 with respect to the atmosphere in the upper Bay over the complete
seasonal cycle, and supersaturation with respect to atmospheric CO2 in the lower Bay
during the warm seasons. The spatial and seasonal distribution of pH and saturation state
of aragonite (Ω) are more variable throughout the mainstem, as the seasonality of these
parameters are different in each region. The physical (air-sea CO2 exchange and mixing)
and biological (photosynthesis and respiration) drivers of CO2-system seasonality is
examined throughout the mainstem Bay. In the deep, northern channel of the mainstem,
seasonal CO2-system variability is larger than the lower Bay regions that are more directly
influenced by exchange with Atlantic Ocean shelf waters. Overall, when averaged over
the 2016/2017 seasonal cycle used in this analysis, the mainstem of the Chesapeake Bay
is found to be net heterotrophic and a sink of atmospheric CO2.

viii

Seasonal Variability of the CO2-system Throughout the Chesapeake Bay Mainstem

1. Introduction
1.1 Motivation
In the open ocean, the uptake of anthropogenic carbon dioxide (CO2) has decreased the
surface ocean pH by 0.1 standard units over the past century (Figure 1; Dore et al., 2009;
Orr et al., 2005). In estuarine systems, the interactions between the atmosphere, the land,
the coastal ocean, and the sediments are closely linked in space and time, but the impact of
rising atmospheric CO2 on the CO2-system is less well understood. Coastal systems are
influenced by additional anthropogenic stressors, such as urban development and
atmospheric deposition of nitrogen from fossil fuel combustion, that may have
compensatory or additive effects on changes to the CO2-system (Da et al., 2018; Doney,
2010; Sunda & Cai, 2012). Estuaries represent dynamic systems that connect terrestrial and
aquatic environments through mixing of riverine and oceanic waters. Nearshore systems
may experience greater seasonal and interannual variability than their open ocean
counterparts due to their sensitivity to changes in highly variable riverine discharge.
The Chesapeake Bay (CB) is the largest estuary in the United States, thus making it an
important part of the regional history and economy. The CB watershed encompasses an
area of 164,200 km2 over 6 states (Delaware, Maryland, New York, Pennsylvania,
Virginia, and West Virginia) and the District of Columbia. The population throughout the
watershed has grown exponentially, with a 117% increase between 1950 and 2017
(Chesapeake Bay Program, 2018). Within the watershed, there are many major cities and
industrial areas (e.g., Baltimore, Washington D.C., Hampton-Roads), as well as
agricultural zones (e.g., Eastern Shore of VA and Lancaster, PA). Of the CB watershed,
57% of land is comprised of forests, 30% of land use is agricultural, and the remaining
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13% contains regions of human development ( United States Department of Agriculture,
2018; Chesapeake Bay Program, 2018). Changes in land use and the introduction of more
developed and populated areas coincide with greater transport of nutrients to the CB, as
urban landscapes have a much higher nutrient export than agricultural and forested
landscapes (Castro et al., 2003; Najjar et al., 2010). During the spring season, when the
delivery of freshwater to the CB mainstem is the greatest, delivery of nitrogen is also
highest (Kemp et al., 1992; Najjar et al., 2010). The Susquehanna River delivers
approximately 48% of freshwater discharge to the CB mainstem, with the Potomac River
contributing 16%, and the James, Rappahannock, and York Rivers combined contributing
19%. The remaining 17% of freshwater delivery is from smaller tributaries on the western
shore of the CB and rivers and streams along the eastern shore of Maryland and Virginia
(Xu et al., 2012).
Hypoxia in the deep CB mainstem is stimulated by eutrophication and the resulting
production of excess organic matter (Hagy et al., 2004; Harding et al., 2014, 2016;
Zimmerman & Canuel, 2000). If the organic matter generated by phytoplankton growth is
not consumed locally in surface waters or laterally exported from the region, it sinks and
subsequent remineralization leads to elevated concentrations of dissolved inorganic carbon
(DIC) at depth (e.g., Cai et al., 2011; Cai et al., 2004; Gobler & Baumann, 2016), which is
an ongoing issue. When the CB mainstem is stratified, reduced vertical exchange of surface
and bottom water inhibits the replenishment of DO from the atmosphere, leading to the
development of large volumes of hypoxic water (Kemp et al., 1992; Irby et al., 2016).
Reduced vertical exchange also prevents the ventilation of high DIC waters at depth with
lower DIC surface waters and equilibration with the atmosphere. This annual occurrence
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of low DO and high DIC concentrations in subsurface waters has been well documented in
a site-specific summer study in the upper CB mainstem by Cai et al. (2017). This pattern
of low DO and high DIC concentrations in subsurface waters has also been reported in
many other coastal and estuarine ecosystems, including the Baltic Sea (Schneider, 2011)
and the Gulf of Mexico (Hu et al., 2017; Schneider, 2011).
While estuaries encompass only 4% of total coastal ocean surface area, they are
generally thought to be heterotrophic systems that act as net sources of CO2 to the
atmosphere, playing a disproportionality large role in the coastal carbon cycle relative to
their size (Borges, 2005; Joesoef et al., 2015; Hermann et al., 2015; Laruelle et al., 2015;
Laruelle et al., 2010). More specifically, estuaries along the East Coast of the United States
outgas approximately 110 g C m-2 yr-1 (Najjar et al., 2018).
To investigate if the CB fits this estuarine paradigm, a novel partitioning of the CO2system over a seasonal scale is conducted to determine the trophic status of the CB
mainstem via a quantification of annual net community production (NCP). In this study the
seasonal magnitude and variability of CO2-system parameters throughout the CB
mainstem, providing an important next step in understanding carbon budgets for other
estuarine systems as well as the coastal ocean. A recent model-based study provides greater
temporal and spatial resolution than previous work investigating the source or sink status
of atmospheric CO2 throughout the CB mainstem (Shen et al., 2019). While valuable, the
model was not compared to discrete observations from the winter season (Shen et al.,
2019). In order to accurately assess the source/sink status of atmospheric CO2 in the CB
mainstem on the annual scale, CO2 -system observations from each season are necessary.
Thus, the current study uses discrete observations from four seasons from autumn 2016 to
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summer 2017 to investigate the air-sea CO2 flux from CB surface waters on both seasonal
and annual scales. Although the trophic status of the CB mainstem has been evaluated
previously on the basis of organic carbon and nitrogen (Feng et al., 2015; Kemp et al.,
1997), this analysis, based on a mass balance of DIC, contributes new insights to the
seasonality of the CB CO2-system.Discrete shipboard measurements are used to partition
the seasonality of the CO2-system into physical and biological drivers, yielding an
assessment of seasonal NCP, trophic status, and air-sea CO2 exchange for four regions
within the CB mainstem, and the mainstem as a whole.

1.2 Thesis Objectives
This research will determine the seasonal variability of the CO2-system throughout the
entire CB mainstem and provide novel insight into the role that estuaries play in the coastal
carbon cycle. Previous, site-specific CO2-system studies have been conducted throughout
the CB (Cai et al., 2017; Shadwick et al., 2019), but information regarding the seasonality
of CO2-system parameters throughout the entire mainstem is lacking, despite recent work
(e.g., Shen et al., 2019; Brodeur et al., 2019). This thesis has three overarching objectives:
1) to investigate the seasonal variability of the CO2-system throughout the entire CB
mainstem through the partitioning of physical and biological drivers, 2) to quantify
estimates of both seasonal and annual NCP to determine trophic status of the mainstem,
and 3) to determine the seasonal and annual source/sink status of the surface waters with
respect to atmospheric CO2. These objectives were achieved using a combination of
seasonal shipboard observations of the CO2-system and a DIC mass-balance approach;
details are given in Section 3.
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2. Scientific Background – The CO2-system in Seawater
The reaction between CO2 and seawater is described by the equilibrium reactions given
below. CO2 reacts with seawater to form carbonic acid (H2CO3, Eq. 1.1); this weak acid
rapidly dissociates to form bicarbonate (HCO3-, Eq. 1.2) and carbonate (CO32-, Eq. 1.3)
ions:
CO2(aq) + H2O « H2CO3 Eq. 1.1
H2CO3 « H+ + HCO3-

Eq. 1.2

HCO3- « H+ + CO32-

Eq. 1.3

The abundance of each species in seawater at its current pH (~8.1) is shown in Figure 2
with HCO3- being the dominant species, followed by CO32- and dissolved CO2.
This research will focus on DIC, total alkalinity (TA), pH, the partial pressure of CO2
(pCO2), and the saturation state of calcium carbonate (Ω). Four carbonate system
parameters (DIC, TA, pH, and pCO2) can be determined analytically. Any two of these
four can be used to compute the full suite of carbonate system parameters using the
equilibration constants for the system of equations that fully describe the dissolution of
CO2 in seawater (e.g., Zeebe & Wolf-Galdrow, 2001).

2.1 Dissolved Inorganic Carbon (DIC)
DIC is defined as the sum of all dissolved inorganic carbon species (Zeebe & WolfGladrow, 2001; Eq. 2)
DIC = [H2CO3] + [CO2] + [HCO3-] + [CO32-]
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Eq. 2

2.2 Total Alkalinity (TA)
TA can simply be defined as the charge imbalance of major conservative ions in
seawater (Eq. 3). The sum of charges of the major cations of strong bases (e.g., Na+, K+,
Mg2+, Ca2+) are not completely balanced by the sum of the major anions of strong acids
(e.g., Cl-, SO42-), leading to the charge difference that is alkalinity (Zeebe & WolfGaldrow, 2001)
TA = S(cations) - S(anions)

Eq. 3

By neglecting the minor acids and bases in seawater, TA is approximated by:
TA = [HCO3-] + 2[CO32-] + [B(OH)4-] + [OH-] - [H+]

Eq. 4

Total Alkalinity is a conservative quantity such that its concentration is not affected by
changes in temperature or pressure. TA is influenced by a number of processes including:
the dissolution or precipitation of calcium carbonate (CaCO3) and the biological uptake of
nitrate (Zeebe & Wolf-Galdrow, 2001). The dissolution of 1 mole of CaCO3 increases the
concentration of TA by 2 moles, conversely the precipitation of 1 mole of CaCO3 decreases
TA by 2 moles. An increase in TA associated with photosynthesis occurs during the uptake
of nitrate (NO3-) by phytoplankton and algae. The uptake of one mole of NO3- results in a
one mole increase in alkalinity. This assimilation of nitrate by plants is assumed to be
parallel to the release of OH-, thus further increasing the concentrations of TA. The uptake
of ammonium (NH4+), however, is balanced by the release of H+, thereby decreasing TA
(Brewer & Goldman, 1976; Zeebe & Wolf-Galdrow, 2001).
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2.3 pH
pH is commonly defined as the -log[H+]. The concentration of H+ ions is related to the
activity of the species using an activity coefficient, gH+. The activity of H+ ions in water is
defined as {H+} = gH+ [H+]. Temperature and salinity exert opposing influences on ion
activity, and thus pH. Increasing temperatures increase ion activity with a subsequent
decrease in pH, while an increase in salinity results in reduced ion activity and increased
pH (Zeebe & Wolf-Galdrow, 2001).

2.4 Partial Pressure of CO2 (pCO2)
The partial pressure of CO2 is quantified by measuring the mole fraction of the gas and
the total pressure of the gaseous mixture (P). The mole fraction of CO2 (xCO2) is
proportional to the partial pressure: pCO2 = P * (xCO2). An empirical relationship between
temperature and pCO2 indicates a 4% increase in pCO2 associated with a 1°C change in
temperature (Takahashi et al., 2002).

2.5 Saturation State of Aragonite (Ω)
The two major calcium carbonate minerals produced by marine organisms include
calcite and aragonite. These minerals are secreted as shells and skeletons by many
organisms including oysters, corals, and coccolithophorids. The carbonate saturation state
(Ω) is defined as the product of calcium ion ([Ca2+]) and carbonate ion concentrations
divided by the stoichiometric solubility product (Ksp) at in situ conditions of salinity,
pressure, and temperature (Zeebe & Wolf-Galdrow, 2001):
Ω=

$%&'() *[%, (- ]

Eq. 5

/01
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Waters with Ω > 1 are supersaturated, and the formation of CaCO3 is thermodynamically
favored; when Ω < 1, waters are undersaturated, and dissolution of CaCO3 may proceed.

3. Methods
3.1 Field Methods
The mainstem of the Chesapeake Bay is monitored monthly in the cooler months and
twice monthly in the warmer months (May to September) at 49 stations by the Chesapeake
Bay Water Quality Monitoring Program (CBMP; Chesapeake Bay Program, 2012). At each
station, 19 parameters are routinely measured to assess water quality. For a full list of the
parameters measured by the CBMP, refer to Chesapeake Bay Program, 2012). The
Maryland (MD) portion of the CB is monitored by Maryland Department of Natural
Resources (MD DNR), while Virginia’s (VA) portion is monitored by Virginia Department
of Environmental Quality (VA DEQ), in collaboration with Old Dominion University
(ODU). Discrete samples of DIC and TA were collected at 17stations in conjunction with
four routine CBMP sample collection cruises from 2016 to 2017: autumn (14 to 16
November, 2016); winter (14 to 17 February, 2017); spring (8 to 11 May, 2017); and
summer (10 to 17 July, 2017). Riverine discharge from the Susquehanna, Potomac, and
James Rivers during the 2016/2017 year was normal with maximum discharge observed
during the spring season; i.e., the observations presented here were not collected in a
particularly wet, or particularly dry year (United States Geological Survey, 2018).. The
maximum depth of each station ranges from 4-32 meters. See Table 1 for specific cruise
information and Table 2 for individual station information.
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At each station, samples were collected 1 meter below the surface and 1 meter above
the bottom, as well as at two intermediate depths depending on station depth and depth of
the mixed layer. Density profiles were computed at each station as a function of
temperature (T), salinity (S), and pressure (P) measured by the CBMP. The mixed-layer
depth (MLD) was estimated using a percentage threshold, where stratification is assumed
to occur if there is a change on the order of 10% of the difference between the maximum
and minimum values of the density profile observed within one meter (Irby et al., 2016).
Therefore, the MLD is defined as the shallowest occurrence (below 1-meter depth) where
this percentage threshold is observed.
Onboard the MD DNR vessel, R/V Kerhin, discrete samples were collected using a
Dayton 10 GPM submerged well pump. In VA waters, discrete samples were collected
using a SeaBird 32 Mini-rosette with 12, 5-liter Ocean Test Equipment Go-Flo bottles
onboard the ODU vessel, R/V Fay Slover. In both states, a YSI 6820 was used to measure
temperature, salinity, DO, and pH at 1 to 2-meter resolution depending on station depth.
From herein, pH measured by the CBMP sensors will be referred to as pHMP to distinguish
it from pH calculated using methods described below.
Discrete samples of DIC and TA were collected in 250-mL borosilicate bottles.
Samples collected in VA were fixed using a saturated solution of mercuric chloride (HgCl2)
immediately after collection, then stored in the dark to await analysis. Samples collected
in MD were immediately stored on ice in the dark and poisoned 2-6 hours after collection,
as HgCl2 was not permitted onboard the R/V Kerhin. To quantify the impact of delayed
HgCl2 addition, duplicate samples were collected in VA. Of the duplicates, one was treated
with HgCl2 immediately, the other was stored on ice and treated after 6 hours. The
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difference in DIC concentrations between duplicate samples were indistinguishable from
the uncertainty (3 µmol kg-1). After each cruise, samples were returned to the Virginia
Institute of Marine Science (VIMS) for further laboratory analysis.

3.2 Laboratory Methods
DIC concentrations were measured using a non-dispersive infrared (NDIR) analyzer
(Airica by Marianda). NDIR gas analysis is an effective and fast technique for extracting
and measuring concentrations from an acidified sample of seawater. During sample
analysis, 2 mL of sampled seawater is extracted by a syringe and pumped into a stripping
chamber where a dose of phosphoric acid (H3PO4) is added. A carrier gas (CO2-free
nitrogen) is then added to the stripping chamber at a constant rate and CO2 is stripped out
of the seawater sample. After extraction, water was removed from the gas via three drying
mechanisms. First, the sample entered the condenser, where the Peltier cooler reduced the
temperature to 4°C to remove water vapor from the sample. The sample then entered the
inner, water permeable layer of Nafion tubing and air, dried by Drierite, circulated the outer
layer of tubing in a countercurrent to completely dry the sample. The dry gas stream was
then delivered to the NDIR sample cell (Li-COR, Li-7000). This process was completed
three times per sample, resulting in just over 6 mL of sample used. The three sample peaks
were integrated and two were averaged to determine the concentration of CO2 from each
sample.
TA concentrations were measured using an open-cell potentiometric titration with a
system of components from Metrohm. A peristaltic pump was used to supply a known
volume of sample seawater to a burette. The burette was then emptied into the titration cell
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that had a recirculating water jacket that was maintained at 25°C. The titration cell
contained a glass pH electrode, a thermometer, and a capillary tube that supplied acid to
the sample. Once in the titration cell, hydrochloric acid was delivered to the sample by a
computer-controlled piston burette. The titration process required two steps. The first step
involved a single aliquot of acid that brought the sample to a pH between 3.5 and 4.0. Next,
the solution was stirred, using a small magnetic stir bar within the titration cell, to allow
CO2 to escape the titration cell. While stirring, the titration continued as small increments
of acid were added to the sample until a pH of 3 was reached. The acid used in these
analyses was provided by A. G. Dickson (Scripps Institute of Oceanography) and produced
in a solution of 0.6 mol kg-1 sodium chloride, which was used to approximate the ionic
strength of seawater. When a pH of 3 was attained, following sufficient acid addition, the
titration ended and a modified Gran approach was used to calculate the total alkalinity
(Dickson et al., 2007).
For both the DIC and TA measurements, analysis of Certified Reference Materials
(provided by A. G. Dickson, Scripps Institute of Oceanography; Batch #150) ensured an
uncertainty of DIC and TA on the order of 3 µmol kg-1. Following the determination of
mainstem DIC and TA concentrations, the CO2SYS program (van Heuven et al., 2011)
was used to compute pH using the total scale, pCO2, and Ω with DIC and TA
concentrations as input parameters. At each depth that a discrete sample of DIC or TA was
collected, discrete concentrations of silicate and phosphate measured by the CBMP were
used as input parameters in CO2SYS (Olson et al., 2012). The equilibrium constants of
Mehrbach (1973) refit by Dickson & Millero (1987) and the KSO4 constant of Dickson
were used in this analysis. Tables 3 and 4 show the mean seasonal concentrations of DIC
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and TA from each region from the mixed layer and subsurface waters, respectively, as well
as the seasonal average of pH, Ω, and pCO2, which were computed using DIC and TA as
input parameters in CO2SYS.

3.3 Assignment of Geographic Regions
To reflect the natural, spatial variability in hydrographic and biogeochemical
parameters throughout the CB, the mainstem was divided into four regions (Figure 3, Table
2) based on surface salinity (Figure 4). The northern region in the CB mainstem, Region
1 (R1), encompasses the deep oligohaline (S = 0.5 – 5) portion of the channel of the
mainstem, where seasonal stratification is present after large freshwater inputs in the spring
and summer. Region 2 (R2) is unique as its salinity regime seasonally shifts from
mesohaline in the spring and summer (S = 5 – 18) to polyhaline (S > 18) in autumn and
winter. Maximum station depth in both R1 and R2 was 32 meters. Within R2, sampling
was oriented towards the deep channel in the western portion of the region. The most
southern region was divided longitudinally due to the circulation pattern in the lower CB.
As more saline ocean waters enter the mouth of the CB, they flow north along the Eastern
Shore of VA where the mainstem is deeper and has decreased freshwater inputs (R3E;
Goodrich & Blumberg, 1991). In this region, maximum station depth was 16 meters.
Stations in the western half of the lower CB (R3W) receive greater freshwater inputs from
the James, York, and Rappahannock Rivers with a maximum station depth of 11 meters.
We assume that the observations used here are representative of each region (see section
4.1 and Table 5 for regional areas), yet recognize that the uneven spatial distribution of
stations will result in uncertainty in measured and derived parameters in each region
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Discrete samples were collected from two additional stations (CB1.1 and CB2.2) in
autumn, spring, and summer in the northern CB near the mouth of the Susquehanna River.
These stations are included in what will be referred to as R0 and are located upstream of
R1. The TA and DIC data collected in this region are not included in further regional
analysis due to their low salinity values and the large uncertainty associated with the
equilibrium constants used in this analysis. The station at the mouth of the Susquehanna
River, station CB1.1, has a salinity of 0 regardless of season, and salinity at station CB2.2,
just south of the mouth of the Susquehanna River, is 0 in spring and summer and reaches
a maximum salinity of 6 in autumn. Winter data were not collected at these stations by
VIMS or the CBMP. Based on the seasonal salinity observations, these stations are heavily
influenced by discharge from the Susquehanna River. Streamflow is comprised of baseflow
(groundwater) and surface water runoff (stormwater). For example, at Conowingo,
baseflow can typically comprise the majority of the flow (57%, Bachman et al., 1998).
The equilibrium constants used for DIC and TA measurements in this study (refer to
section 3.2) are the conventional constants used for marine samples and have been used in
other coastal CO2-system studies (e.g., Shadwick et al., 2011; Xu et al., 2017; Jiang et al.,
2010; Laurent et al., 2017). The constants of Mehrbach et al., (1973) refit by Dickson and
Millero (1987) are best used for waters with temperature ranging from 2 – 35 °C, and from
salinity ranging from 20 – 40, thus capturing many of the hydrographic characteristics of
the mainstem waters, but not the characteristics of riverine waters from the CB watershed.
Therefore, the CO2-system measurements and calculations from R0 where the maximum
salinity reaches 6 in only one season will have a much greater uncertainty than regions with
higher salinities, and thus are not included in further regional partitioning.
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3.4 Estimation of Total Alkalinity During the Winter Season
DIC and TA samples were collected during the winter season in the upper CB, but were
not collected from the VA portion of the CB during the February (winter) cruise. We used
the following procedure to estimate the missing winter values: First, a relationship between
TA and salinity was derived using all available measurements of TA from samples
collected between June 2016 and January 2018 (Figure 5a). Additional observations
outside seasons included in this analysis are used to generate the most robust relationship
between TA and S. Second, winter TA values were computed with (see Figure 5a):
TAwinter = 39(S) + 966

Eq. 6,

where TAwinter is the computed TA concentration in units of µmol kg–1 at a given salinity.
The intercept value, 966 µmol kg-1, in Eq. 6 indicates the concentration of TA in the
Susquehanna River, the largest freshwater endmember in the CB system. Linear regression
analysis (n=505, R2=0.96, p<0.001) of all TA and corresponding salinity observations
found a concentration of 966 µmol kg-1 to be the best fit in S=0 waters, with an uncertainty
of 7 µmol kg-1 based on the standard error of the regression (Figure 5a). Finally, winter
DIC, pCO2 and W were computed using CO2SYS with TAwinter and pHMP as described
above. The computed DIC follows the relationship with salinity (Figure 5b).

3.5 Air-sea CO2 flux
The air-sea CO2 flux (F) was computed using the following equation:
F = kaDpCO2,
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Eq. 7

where k is the gas transfer velocity (m s-1) calculated using the formulation of Wanninkhof
(2014) for intermediate wind speeds (3–15 m s-1), a is the solubility coefficient of CO2
(Weiss, 1974), and DpCO2 is the gradient of CO2 between the ocean and the atmosphere
(DpCO2 =pCO2air - pCO2ocean). The flux is given in units of mmol m-2 day-1. When F is
positive, there is a CO2 flux from the atmosphere to the surface waters. Wind speeds were
obtained at a height of 4 meters above the surface water from three buoys in the Chesapeake
Bay Interpretive Buoy System (CBIBS; https://buoybay.noaa.gov) at a height of 4 m above
the water surface: the Gooses Reef Buoy in R1, the Potomac Buoy in R2, and the York
Spit Buoy in R3E and R3W. The York Spit Buoy is located in R3W, but the wind speed
from this location was used for R3E as well due to an incomplete record of windspeed in
R3E for the period of observation. The average wind speed over the entire cruise duration
was used (i.e., spring cruise was 4 days) (Tables 1, 5). The atmospheric CO2 used in this
study is the 2016 annual average, 405.6 µatm, from the World Data Center for Greenhouse
Gases station in Key Biscayne, Florida. The regional fluxes were found by computing the
flux at each station in each region then averaging over all the stations in a particular region.
These regional fluxes were then scaled to the surface area of each region. The surface areas
of each region were determined using Chesapeake Bay Program (2004) segment CB4MH,
encompassing the northern deep channel of R1, segment CB5MH corresponding to the
western middle Bay where samples were collected in R2, segment CB6PH and half of
CB8PH corresponding to R3W, and segment CB7PH and half of CB8PH encompassing
the surface area of R3E. The sum of the area-weighted fluxes in each season were used to
determine the annual source/sink status of atmospheric CO2 in the CB mainstem.
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3.6 Mass Balance of DIC
The total change in DIC concentration per unit time (DDICtotal) is equal to the sum of
the changes due to biological drivers (photosynthesis and respiration (DDICbio), and
biogenic calcification) and physical drivers (air-sea CO2 exchange (DDICgas), horizontal
and vertical mixing (DDICcirc), and calcium carbonate (CaCO3) dissolution). Due to the
conservative behavior of TA as a function of salinity (Eq. 6), we assume that calcification
and dissolution of CaCO3 can be neglected (Figure 5a). In the mixed layer, the temporal
change in DIC concentrations between seasons (in units of µmol kg–1 month–1) can thus be
expressed as:
DDICtotalML = DDICbio ML + DDICcirc ML + DDICgasML Eq. 8

In subsurface waters, the seasonal changes in DIC can be expressed as:
DDICtotalsub = DDICbiosub + DDICcircsub

Eq. 9

DICtotal ML and DICtotalsub were computed by first determining the average concentration of
DIC in the mixed layer and subsurface waters, respectively, (in units of µmol kg-1) from
all stations in a region in a given season. DDICtotalML and DDICtotalsub were computed as the
difference of the mean DIC concentrations above and below the mixed layer, respectively,
in each region divided by the time in months between seasons. The change in time (Dt)
between autumn and winter and winter and spring was three months and Dt between spring
and summer was two months. Between summer and autumn, there is assumed to be no
change in DIC. DDICgasML was computed from the difference of the seasonal air-sea CO2
flux divided by the seasonal mixed layer depth in each region (Table 3). DDICcircML and
DDICcircsub were calculated via the expected DIC for a particular salinity (DICsal), based on
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a regression of DIC and salinity using all samples collected between June 2016 and January
2018 (Figure 5b):
DICsal = 34(S) + 973

Eq. 10

where DICsal has units of µmol kg–1. DICsal was computed at each station during all seasons.
The change in the mean DICsal from all stations in a given region between seasons was then
assumed equal to DDICcircML and DDICcircsub, in the mixed layer and subsurface waters,
respectively. Finally, the contribution from biological processes in the mixed layer
(DDICbioML) and subsurface waters (DDICbiosub) were computed by difference. In the mixed
layer (Eq. 11) and subsurface waters (Eq. 12), the contributions from biological processes
were defined as:
DDICbio ML = DDICtotal ML - DDICcirc ML - DDICgasML
DDICbiosub = DDICtotalsub - DDICcircsub

Eq. 11
Eq. 12

In the northern CB regions (R1 and R2), all stations contain both mixed layer and
subsurface values in each season. In R3E, there are stations that are well-mixed throughout
the water column in certain seasons (e.g., winter), but stratified in other seasons (e.g.,
summer). In R3W, there are both stations that are well mixed in each season and stations
that experience stratification. In R3W, the autumn, winter, and summer subsurface budgets
are based on observations from a single station; the spring subsurface budget is based on
observations from two stations. In R3E, the autumn subsurface budget is based on
observations from a single station, as all other stations are well mixed and therefore
included in the mixed layer budget. The sum of the mixed layer and subsurface values are
used to generate whole water column values of DDICbio (DDICbiofull) and subsequently net
community production. To convert from concentration of DIC (µmol kg–1) in the mixed
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layer and subsurface waters to units of mol C m-2 month-1, the average seasonal density in
each region is needed, along with average depth of the mixed layer and subsurface layer in
each region during each season.

3.6 Uncertainty Analysis
Because DDICbio is computed by difference, the uncertainty of this term includes the
uncertainty associated with each of the other terms in Eqs. 11 and 12. The uncertainty
associated with DDICtotal in both the mixed layer and subsurface waters is small (2 µmol
kg-1) and based on the analytical uncertainty of the measurement. The uncertainty
associated with DDICgasML was estimated from the standard deviation of the flux computed
via three different parameterizations of the gas transfer velocity: Wanninkhof (2014),
Wanninkhof & McGillis (1999), and Nightingale et al., (2000), and is on the order of 5
µmol kg-1, corresponding to 0.03 mol C m-2 month-1 (assuming a mean mixed layer depth
of 5.4 meters and a mean density of 1013 kg m-3). The uncertainty associated with DICcirc
is estimated to be 12 µmol kg-1, determined from the standard error of the regression
between DIC and salinity (Eq. 10, Figure 5b). The resulting uncertainty associated with the
DDICbio in the mixed layer (13 µmol kg-1) and subsurface waters (12 µmol kg-1) was
computed by propagating the errors associated with all other terms (i.e., (32+52+122)1/2 for
the mixed-layer) and assuming that the errors are uncorrelated.
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4. Results
4.1 Representativeness of Mainstem Cruises
From the long-term (1984 – 2017) CBMP climatology in each region, it is clear that
the four 2016/2017 cruises included in this analysis are representative of the broad
hydrographic seasonality in the CB mainstem, with few observed values outside the range
of the long-term data (Figure 6). Throughout the CB mainstem, waters exhibit a
pronounced seasonality in surface temperature (SST; seasonal range on the order of 30 oC,
Figures 6a, c, e, g). Temperature in all four regions ranged from less than 5 oC in winter to
greater than 25 oC in summer. Seasonality in salinity shows maximum values in winter and
some degree of freshening in the spring and summer seasons across all regions (Figures
6b, d, f, h).

4.2 Seasonality of CO2-system Parameters Throughout the Mainstem
The seasonality of the CO2-system is influenced by both hydrographic (i.e., changes in
temperature and salinity) and biological (i.e., photosynthesis and respiration) drivers, as
well as the air-sea exchange of CO2, with different parameters exhibiting differing
sensitivity to these changes. In this section, the seasonality of DIC, TA, pH, W, and pCO2
in both the mixed layer and subsurface waters will be described (Tables 3, 4); the
seasonality of temperature-normalized pCO2 (pCO2Tmean) and air-sea CO2 fluxes are
described in the next section.
It is important to understand the seasonal variability of both DIC and TA concentrations
in R0 before looking further down the mainstem. The seasonality of TA and DIC
concentrations in S = 0 waters ranges from 650–1300 µmol kg-1 and 700–1300 µmol kg-1,
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respectively. During periods of low riverine discharge, particularly in late summer and
early autumn, concentrations of TA are elevated (Figure 7). Despite the higher
concentrations of TA and DIC delivered to R0 during low flow periods, the overall TA and
DIC load is greater in the spring, corresponding to a seasonal increase in freshwater
discharge from the Susquehanna River. This characteristic of a mainstem tributary is
different than the mainstem itself, where enhanced freshwater influx corresponds to
reduced TA and DIC concentrations, driven by the decline in salinity (see section 4.4).
Throughout and below the mixed layer, there is very little variability in temperature
between regions and each region experiences the same large range in temperature over the
course of the year (Figures 8a, 9a). The observed spatial and seasonal variability of salinity
depicts the expected seasonality in streamflow, where there is a smaller seasonal range in
salinity in the southern regions of the mainstem when compared to northern regions as a
result of the reduced freshwater input to the lower CB (Figure 8b). This is particularly
evident in the mixed layer, where the regions with greatest freshwater input have the largest
seasonality in salinity. This spatial trend is observed in subsurface waters as well, yet the
seasonality in the upper mainstem regions are reduced when compared to the mixed layer
(Figure 9b). The seasonality of DIC and TA in both the mixed layer and subsurface waters
almost perfectly mimic that of salinity in each region, as expected (Figures 8a, b, c).
Minimum concentrations of DIC and TA were observed in the northern CB, with mixed
layer minimum concentrations of 1000 µmol kg-1 and full water column minimum
concentrations of 1500 µmol kg-1. Maximum concentrations of DIC and TA were observed
at the mouth of the CB, with mixed layer maxima on the order of 1800 µmol kg-1 and 1900
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µmol kg-1, respectively, and subsurface maximum concentrations on the order of 1900
µmol kg-1 and 2000 µmol kg-1, respectively (Figures 8c, d, 9c, d).
There is large variability in both pH and W throughout and below the mixed layer. The
highest pH values were observed during the cool months (Figures 8e, 9e). In the mixed
layer, a pH maximum was observed during autumn in R1 and R3E and a pH maximum
was observed during winter in R2 and R3W. There is a change in temperature of 8.2 °C in
the mixed layer of R2 between autumn and winter. Assuming DIC, TA, S, and T remain
constant, this change in temperature would result in an increase in pH of about 0.13, but as
this large of an increase is not observed, it is clear there are other processes acting to drive
pH seasonality (Figures 8e, 9e). Below the mixed layer, each region except R1 exhibited
the highest pH in winter coincident with minimum temperature. Throughout the subsurface
waters of R1, there is a seasonal decline in pH over the course of the year, which is
coincident with the onset of seasonal stratification and an increase in respiration throughout
the water column as temperature increases. The seasonality of pH in the mixed layer of R1
is similar to that of W in both the mixed layer and whole water column, with lowest values
in winter and spring. The seasonal cycle of W in the mixed layer is similar in each region
of the mainstem (Figure 8f). Over the course of the year, the mixed layer of the CB is
supersaturated with respect to aragonite, except in R1 where undersaturation of W occurs
in winter and spring. The subsurface waters in R1 are undersaturated with respect to W in
each season except autumn, and R2 is undersaturated during the warm seasons, and nearly
undersaturated in winter. The shallow regions of the lower CB that directly exchange with
the Atlantic Ocean are supersaturated with respect to W over the course of the year (Figures
8f, 9f).
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In the mixed layer of the two northern mainstem regions, pCO2 is undersaturated in
each season, whereas the mixed layer in the lower CB experiences seasonal supersaturation
with respect to atmospheric CO2 during the warm seasons (Figures 8g, 9g). Below the
mixed layer, pCO2 is generally supersaturated over the seasonal cycle, particularly during
the warm seasons in R1 and R2 (Figures 8g, 9g). The difference between the mixed layer
and subsurface waters is presumably driven by the accumulation of CO2 below the mixed
layer during periods of seasonal stratification in the upper mainstem. There is a significant
seasonal range in pCO2 in each region, with values varying by over 100 µatm between
seasons in the mixed layer and 1300 µatm between seasons below the mixed layer. The
seasonal cycle of pCO2 varies regionally, with mixed layer minimum values on the order
of 170 µatm and maximum values on the order of 450 µatm. Minimum pCO2 in subsurface
waters is 260 µatm and maximum values reach 2800 µatm (Figures 8g, 9g). In contrast to
the varying seasonal cycle of pCO2 in the mixed layer of each region, the complete seasonal
cycle of pCO2 is the same in the subsurface waters in all regions, with highest values
observed in summer (Figures 8g, 9g). The pronounced SST seasonality in the CB has an
important influence on pCO2. This influence is further demonstrated by the large
differences between pCO2 (Figures 8g, 9g) and pCO2Tmean (Figures 8h, 9h).

4.3 Temperature-normalized pCO2 and Air-sea CO2 Fluxes
To examine the non-thermal contributions to pCO2 seasonality, observations were
normalized to the annual mean temperature (Tmean = 16 °C) via the equation of Takahashi
et al. (2002):
pCO2Tmean = (pCO2)obs ´ exp[0.0423 (Tmean – Tobs)]
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Eq. 13

where ‘obs’ indicates the in-situ pCO2 and temperature.
The seasonal range in pCO2Tmean can be as large as 200 µatm in the mixed layer and
1100 µatm in subsurface waters, indicating significant non-thermal impacts to pCO2
seasonality in the CB mainstem (Figures 8h, 9h). Throughout the mixed layer and in
subsurface waters, there is an increase in pCO2Tmean from autumn to winter in each region,
which is presumably driven by an increase in CO2 as a result of respiration. In the mixed
layer, an ingassing of atmospheric CO2 contributes to this seasonal increase as well. In R1
and R3E, this increase in pCO2Tmean from autumn to winter was coincident with increased
concentrations of DIC (Figures 8c, h) — this will be explored in more detail in section 4.4.
In the mixed layer, a decrease in pCO2Tmean from winter to spring and from spring to
summer is observed in each region. This decrease in mixed layer pCO2Tmean was likely a
result of the net removal of CO2 via biological productivity during these seasons, as well
as occasional seasonal outgassing of CO2 from the surface waters to the atmosphere (Figure
8h). In the subsurface waters, there was a large increase in pCO2Tmean from winter to spring,
and again from spring to summer in the deep regions, R1 and R2 (Figure 9h). A smaller
increase in subsurface pCO2Tmean was observed from winter to summer in R3W. These
increases were likely driven by the accumulation of CO2 in subsurface waters during the
warmer seasons in the CB mainstem. Similar to the seasonality in the mixed layer, there
was a decrease in pCO2Tmean in the subsurface waters of R3E from winter to summer
presumably driven by the removal of CO2 through biological processes (Figure 9h).
The surface waters in R1 are undersaturated with respect to the atmosphere in all
seasons and the region was a net sink on the order of 3.7 mol C m-2 yr-1 (Figure 10). The
undersaturation of pCO2 with respect to the atmosphere in R2 over the course of the year
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similarly results in an uptake of CO2 on the order of 2.2 mol C m-2 yr-1. Although R3W
was modestly supersaturated with respect to the atmosphere in the summer season, the
region acts as a net sink of 0.76 mol C m-2 yr-1. Surface waters in R3E are supersaturated
with respect to the atmosphere during both spring and summer, however, the region acts
as a net sink on the order of 0.42 mol C m-2 yr-1. When scaled to the surface area of the
mainstem (Table 5), these waters act as sink for atmospheric CO2 on the order of 1.6 mol
C m-2 yr-1.

4.4 Seasonal Mass Balance of DIC
The seasonal change of DIC observed in the surface mixed layer of the CB mainstem
was driven by gas exchange, circulation, and biological processes with the seasonal
changes from circulation and biology often dominating (Table 6, Figure 11). Throughout
the mainstem, the ΔDICgasML term was positive for most of the year, indicating an increase
in mixed layer DIC concentrations as a result of the invasion of atmospheric CO2. As shown
in the previous section, each region of the mainstem acts as a net sink of atmospheric CO2,
despite the periods of seasonal outgassing in the lower CB regions (Figures 11c, d).
ΔDICcircML is net negative over the complete seasonal in the mixed layer of each region,
indicating a net loss of DIC driven by a reduction in salinity from autumn to summer. In
each region of the mainstem from winter to spring, the net loss of DIC from the mixed
layer from ΔDICcircML is expected as there is a large increase in streamflow during this
seasonal transition (Figure 11). This decline in DIC from ΔDICcircML is particularly evident
in R1 where the net removal of DIC from the mixed layer is driven by increased
Susquehanna River streamflow, as well as the removal of DIC from ΔDICbioML as a result
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of the onset of the spring phytoplankton bloom (Figure 11a). The ΔDICbioML term is almost
always negative, indicating a net loss of DIC through biological processes in the mixed
layer of each region over the course of the year. The less frequent conditions of positive
ΔDICbioML, indicating a source of DIC from respiration or remineralization, are concurrent
with outgassing of CO2 from the surface waters and occur only in the shallow regions of
the lower CB during the warm seasons (Figures 11c, d).
In the subsurface, changes in DIC are driven by circulation and biology with
contributions from ΔDICcircsub dominating in most seasons (Figure 12). Unlike the surface
mixed layer, the ΔDICbiosub term is positive in every region and season, with the exception
of the transition from spring to summer in R3E (Figure 12d). This is indicative of the
dominance of respiration in the subsurface waters. The positive ΔDICbiosub is much greater
in R1 and R2 than the lower CB regions due to the stratification that occurs in the deep,
northern CB that prevents ventilation of subsurface waters (Figures 12a-d). ΔDICcircsub is
always negative from winter to spring, indicating a net removal of DIC driven by
seasonality in riverine inputs. In the upper bay, ΔDICcircsub was net negative over the
complete seasonal cycle in both regions, while in the lower bay, increases in salinity,
corresponding to reduced riverine inputs, drove net increases in DIC in the subsurface
waters (i.e., ΔDICcircsub > 0) throughout the year (Figure 12).

4.5 Net Community Production
Net community production (NCP) is defined as the difference between net primary
production (NPP) and heterotrophic respiration (HR):
NCP = NPP – HR,
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Eq. 15

And is equal to the net biologically driven changes of DIC (i.e., NCP = SDDICbio) resulting
from the mass balance of DIC described above. Over the seasonal cycle analyzed here, the
mixed layer of all regions in the CB are net autotrophic (i.e., DDICbioML < 0; Table 6)
indicating that primary production dominated heterotrophic respiration and resulted in an
overall net biological consumption of DIC in the surface mixed layer (Table 7). In both R1
and R2 (e.g., upper and mid CB) the mixed layer was autotrophic (Figures 11a, b). In R3W,
heterotrophic conditions are observed between spring and summer, but the region was net
autotrophic (Figure 11c). Here, seasonally varying conditions of both autotrophy and
heterotrophy have been observed (Shadwick et al., in revision). In R3E, the surface mixed
layer was heterotrophic from winter to spring, and autotrophic for the remainder of the
study period. Overall, the mixed layer of the mainstem was autotrophic. The sum of the
seasonal mixed layer NCP from each region (Table 7) scaled to the region’s surface area
(Table 5), results in a mainstem NCP of 1.2 ± 0.1 mol C m-2 year-1 (± with the error
estimated from the uncertainty of the ΔDICbio terms). When considering the whole water
column, each region was net heterotrophic during the study period (Fig. 8e). Using the
same method described above, the whole water column had an annual NCP of -0.48
mol C m-2 year-1.

27

5. Discussion
5.1 Net Community Production in the Context of Earlier Estimates
Kemp et al. (1997) found distinct patterns in mainstem NCP using data form 1986 –
1993 that differ from the regional variability presented here. Although the regional division
of the CB mainstem used by Kemp et al. (1997) is different from this study, their “midBay” corresponds to our R1 and R2, and their “lower Bay” corresponds to our R3W and
R3E. The tidal freshwater region used by Kemp et al. (1997) encompassed the low-salinity
and high-turbidity zone near the mouth of the Susquehanna River and was not included in
this study. This region, as well as the upper regions of CB tributaries, is often heterotrophic
(e.g., Raymond et al., 2000) as a result of light limitation for primary production (Reay,
2009; Sin et al., 1999) and large amounts of bacterial respiration (Schultz, 1999). The
inclusion of these low-light, high-turbidity zones in the upper CB of Kemp et al. (1997)
contribute to their net heterotrophic findings in this region. The mid-CB of both Kemp et
al. (1997) and the corresponding area of the mainstem mixed layer in this study (R1 and
R2) were net autotrophic, whereas the whole water column in these regions were net
heterotrophic. The annual value computed by Kemp et al. (1997) for this region was 13.6
± 2.5 g C m-2 yr-1, whereas the sum of the values of the complete seasonal cycle in the
mixed layer of R1 and R2 is 51.6 ± 1.2 g C m-2 yr-1 and the whole water column was -23.3
± 1.2 g C m-2 yr-1 (Table 6). In contrast to the results of Kemp et al. (1997), we found that
mixed layer of the lower CB regions were less autotrophic than R1 and R2 and that the
whole water column was net heterotrophic. However, this is likely driven by the reduction
in nutrient loading to the mainstem since the study by Kemp et al. (1997) and due to the
inclusion of multiple shallow stations in the lower Bay of this study compared to those
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used by Kemp et al. (1997). The mixed layer of the lower CB in this study did experience
net heterotrophic conditions in particular seasons (Figure 7c, d). A major similarity
between the findings of this study and that of Kemp et al. (1997) is the period of
heterotrophy in the mixed layer of the lower CB (R3E in this study; Figure 7d) from winter
to spring, despite the region being net autotrophic over the course of the year.
The 3D hydrodynamic-biogeochemical modeling study of Feng et al. (2015) found the
Chesapeake Bay to be net autotrophic. If we convert their NCP values to carbon units using
a Redfield ratio of C:N = 106:16, the authors’ annual average for 2001 – 2005 is 4.2 x 1011
± 1.3 x 1011 g C yr-1. This is similar to our mixed layer estimate when it is scaled to a
comparable surface area of Feng et al. (2015) that similarly includes both the tributaries
and mainstem (1.3 x 1011 g C yr-1). NCP was computed for 5 years in Feng et al. (2015).
Over the five – year period examined by Feng et al. (2015), the NCP varied by an order of
magnitude indicating that interannual variability, and not only seasonality, plays a large
role in dictating the trophic status of a system. Finally, both Najjar et al. (2018) and
Herrmann et al. (2015) classified the CB as net autotrophic, despite their conclusion that
the majority of estuarine systems on the East Coast of the United States are heterotrophic.
The results of this study, however, indicate that the whole water column of the CB
mainstem during the 2016/2017 study period is net heterotrophic, therefore behaving more
similarly to other East Coast estuaries.

5.2 Comparison with Other Estuarine and Coastal Ocean Systems
In this section, the observed variability of the CO2 system in the CB is compared to
recent work in the Chesapeake Bay and the neighboring Delaware Bay, as well as earlier
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work in the North Sea, to give a broader perspective on how estuaries and other semienclosed systems fit into an emerging understanding of the coastal ocean carbon cycle. A
recent study in the Chesapeake Bay by Brodeur et al. (2019) observed a similar latitudinal
gradient in both DIC and TA throughout the mainstem and consistent concentrations of
DIC. Regardless of season, higher pH was observed in the surface waters than at depth in
both studies.
A recent modelling study computed the annual air-sea CO2 flux from the CB mainstem
surface waters. Shen et al. (2019) found regions R1 and R2 of this study to be net sinks of
atmospheric CO2, whereas the lower CB was in a net balanced condition. This spatial trend
is similar to what is reported here, as the northern regions act as a strong sink of
atmospheric CO2 when compared to the lower CB regions, which are near neutral on the
annual scale (Figure 10). We note that the annual air-sea CO2 flux determined by Shen et
al. (2019) included the tidal, freshwater region of upper CB, located north of R1 of this
study, in their annual estimate. This region acts as a strong source of CO2, as surface waters
are supersaturated with CO2 with respect to the atmosphere.
The Delaware Bay is a large estuary located just to the north of the CB along the US
East Coast. The region has a similar latitudinal gradient in salinity to that of the CB and
recent studies have characterized the CO2-system in this estuary (Joesoef et al., 2017;
Joesoef et al., 2015). When comparing R1 in the CB to the Delaware Bay estuarine zone
defined by Joesoef et al. (2017), the findings are quite different. This narrow region of the
Delaware Bay is heterotrophic and has supersaturated surface waters with respect to
atmospheric CO2 on the annual scale, with values reaching over 2000 µatm during the
summer season (Joesoef et al., 2015; Joesoef et al., 2017), in contrast to our findings that
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R1 and R2 were undersaturated with pCO2 with respect to the atmosphere over the entire
seasonal cycle (Figure 8g). For the comparison of these two systems, the S = 0 waters at
the head of the CB that are supersaturated with respect to atmospheric CO2 are not included.
To be consistent, the tidal freshwater zone, defined by Joesoef et al. (2017), was also not
included; in this S = 0 region, surface pCO2 values range from 950 µatm in spring to 4000
µatm in summer. According to Joesoef et al. (2017), the full water column in the lower
Delaware Bay exhibits a similar seasonality to that of the mixed layer in R3W in this study.
Throughout this region of the Delaware Bay, there was a large loss of DIC due to CO2
consumption from winter to spring, followed by a period of heterotrophy from spring to
summer (compare to Figure 11c). On the annual scale, the Delaware Bay was net
heterotrophic, acting as a source of DIC, with an NCP of -1.3 mol C m-2 yr-1 (Joesoef et al.,
2017). Additionally, when comparing these two systems, it is important to consider that
the Delaware Bay does not experience the impacts of eutrophication like those observed in
the CB, which is largely driven by the lack of seasonal stratification in the Delaware Bay
(Sharp et al., 1982). The phytoplankton growth that is initiated after the introduction of
excess nutrients to the surface mixed layer of the upper CB contributes to the reduction in
surface water pCO2 that is not observed in the surface waters of the Delaware Bay (Sharp
et al., 1982).
While the North Sea is a semi-enclosed regional sea, and not an estuary, the consistency
in the methods between the early work in the North Sea (Thomas et al., 2004; Bozec et al.,
2006) and the current research in the Chesapeake Bay, along with similarities in seasonal
and spatial variability, allow for a comparison between the two regions. R1 in the CB can
be compared to the northern region of the North Sea, while R3W and R3E can be compared
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to the southern region of the North Sea. The northern section of the North Sea reaches a
maximum depth of 700 m and experiences seasonal stratification that results in large
vertical gradients in biogeochemical parameters in spring and summer (Thomas et al.,
2004). From winter to summer in the northern North Sea in 2002, Thomas et al. (2004)
observed a depletion in DIC in the surface waters on the order of 100 µmol kg-1. Over the
same seasonal transition in this study, there was a surface depletion in DIC on the order of
500 µmol kg-1 in R1 of the CB mainstem. This surface depletion was concurrent with the
onset of stratification in both systems (Thomas et al., 2004; Bozec et al., 2006). In the
northern North Sea, the surface depletion can be attributed mainly to the drawdown of DIC
through biological processes, whereas in R1 of the CB, it was attributed to a combination
of biological processes and changes in estuarine circulation patterns (Thomas et al., 2004;
see section 4.4). The subsurface DIC accumulation in both systems was driven by the
remineralization of organic matter below the mixed layer and the lack of ventilation with
the atmosphere. In both systems, large vertical gradients of DIC are observed in summer,
on the order of 200 µmol kg-1 in the northern North Sea (Thomas et al., 2004; Bozec et al.,
2006), and 700 µmol kg-1 in R1 in the CB.
By contrast, the southern portion of the North Sea can be compared to the region R3W
in the lower CB of this study, as they are shallower than the northern regions and exhibit a
similar seasonality in water column DIC (Thomas et al., 2004; Bozec et al., 2006). When
the water column is well mixed, primary production and respiration may occur throughout
the same compartment of the water column in the southern regions of both systems
(Thomas et al., 2004). There was a seasonal deficit of less than 60 µmol kg-1 DIC from
winter to spring in both the southern North Sea and R3W, concurrent with the initiation of
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a spring phytoplankton bloom, followed by a gradual increase in the DIC from spring to
summer as the respiration of organic matter dominates over the removal of DIC through
photosynthesis (Bozec et al., 2006; Thomas et al., 2004). Throughout the year, both the
entire North Sea and mixed layer of the CB mainstem are autotrophic, despite the seasonal
and spatial variability in biologically driven changes to DIC throughout both systems.
Referring back to sections 3.2 and 3.3, a comparison of the seasonality of surface water
pCO2 in both the CB and North Sea can be made. The northern regions of the North Sea
and the CB are undersaturated on average throughout the year and act as an annual sink of
atmospheric CO2, with a particularly strong removal of atmospheric CO2 during spring and
summer (Thomas et al., 2004; Thomas et al., 2005). The northern regions of the CB (R1
and R2) act as a sink of 2.8 mol C m-2 yr-1, and the northern North Sea was a sink of 1.7
mol C m-2 yr-1 (Thomas et al., 2005). The lower CB regions and the southern North Sea
experience seasonal supersaturation of the surface waters, particularly during the summer
season (Figure 8g). During the summer in both systems, the increase in temperature,
combined with enhanced CO2 input from the remineralization of organic matter, drive the
supersaturation of these surface waters (Thomas et al., 2004). While both systems act as a
source of CO2 to the atmosphere during the summer season, on the annual scale the two
lower CB regions act as a total net sink of 0.54 mol C m-2 yr-1, whereas the southern region
of the North Sea acts as a weak source of 0.2 mol C m-2 yr-1 to the atmosphere (Figure 10;
Thomas et al., 2004; Thomas et al., 2005). When considering the entire CB mainstem and
North Sea, both systems act as considerable, and comparable, annual sinks of atmospheric
CO2, on the order of 1.6 mol C m-2 yr-1 and 1.4 mol C m-2 yr-1, respectively (Thomas et al.,
2005).
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6. Summary and Conclusions
This study was one of the first to observe the variability of the CO2-system throughout
the entire CB mainstem over a complete seasonal cycle. Using 17 mainstem stations
subdivided into four geographic regions, the seasonality of DIC, pCO2, pH, and Ω were
examined. Regardless of season, gradients of both DIC and TA were observed in the
surface mixed-layer of the CB mainstem, with lowest concentrations observed in the
northern CB near the mouth of the Susquehanna River and highest concentrations observed
at the mouth of the CB where estuarine waters closely interact with Atlantic Ocean shelf
waters. The accumulation of high-DIC waters at depth, coincident with seasonal
stratification and temperature-dependent remineralization of organic matter, will
exacerbate ocean acidification in this coastal system, as well as drive the undersaturation
with respect to Ω and supersaturation of pCO2 with respect to atmospheric values in these
subsurface waters on the annual scale. In the surface waters of the stratified upper CB
(north of the Potomac), pCO2 is undersaturated with respect to the atmosphere year-round
resulting from a dominance of the removal of CO2 by photosynthesis over thermally driven
changes in pCO2. Conversely, surface waters in the lower CB experience seasonal CO2
outgassing as the thermally driven increase in pCO2 outweighs the biologically driven
removal of DIC as the productive season declines. The CB mainstem was a net sink for
atmospheric CO2 on the order of 1.6 mol C m-2 yr-1.
A mass balance of DIC was used to partition the seasonal changes in DIC into physical
and biological drivers throughout the mainstem, and the annual uptake of atmospheric CO2
was quantified. When scaled to the surface area of the mainstem, the results indicate that
the mixed layer of the CB mainstem was net autotrophic in 2016/2017, with a net
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community production of 1.2 mol C m-2 year-1 and that the whole water column was net
heterotrophic, with a net community production of -0.48 mol C m-2 year-1 over the study
period.
In the future, further analysis of how the seasonality of the CO2-system in freshwater
dominated regions influences biogeochemical cycling throughout the mainstem is needed.
In the tidal freshwater tributaries of the CB, unique CO2-system interactions between
riverine inputs, consisting of baseflow and stormwater contributions and large areas of
submerged aquatic vegetation may contribute to the delivery and seasonality of
biogeochemical parameters from the freshwater endmember to the rest of the system, thus
contributing to the natural variability experienced in this large estuary. Because interannual
variability in this dynamic nearshore system is likely to be large, continued monitoring of
CO2-system parameters should be prioritized. As anthropogenic changes (i.e., as a result
of increased atmospheric CO2) to these waters are small compared to natural variability,
the work presented here represents a crucial step in understanding the evolution of coastal
systems in response to climate change.
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Table 1. Dates and cruise ID of seasonal observations. The number of months (Dt) between
autumn and winter = 3 months, winter and spring = 3 months, spring and summer = 2
months.
Start Date
November 14, 2016
February 14, 2017
May 8, 2017
July 10, 2017

End Date
November 16, 2016
February 17, 2017
May 11, 2017
July 17, 2017
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Season
Autumn
Winter
Spring
Summer

CBP cruise ID
684
690
696
700

Table 2. Depth and location of each station used in this analysis.
Station
CB3.3C
CB4.1C
CB4.2C
CB4.4
CB5.2
CB5.4
CB5.5
CB6.3
LE3.7
WE4.1
WE4.4
CB7.1S
CB7.2E
CB7.3
CB7.4N
CB8.1
CB8.1E

Region
R1
R1
R1
R1
R2
R2
R2
R3W
R3W
R3W
R3W
R3E
R3E
R3E
R3E
R3E
R33E

Latitude (°N)
38.996
38.826
38.646
38.415
38.137
37.800
37.692
37.412
37.531
37.312
37.110
37.581
37.412
37.117
37.062
36.995
36.947
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Longitude (°W)
-76.360
-76.400
-76.421
-76.346
-76.228
-76.175
-76.190
-76.160
-76.307
-76.346
-76.293
-76.058
-76.025
-76.125
-75.999
-76.168
-76.035

Station Depth (m)
24
32
27
31
31
32
17
11
6
4
4
16
12
12
10
8
14

Table 3. Mean values of mixed layer CO2-system parameters in each region. The ±
represents the standard deviation of the seasonal average of each parameter in the surface
mixed layer in each region. n is the number of stations included when computing the
average value in each season.
DICML

TAML

µmol kg-1

µmol kg-1

Autumn

1364 ± 95

1520 ± 69

8.5 ± 0.1

Winter

1484 ± 26

1547 ± 35

8.3 ± 0.1

Spring

1033 ± 82

1076 ± 91

8.3 ± 0.04

Summer

1196 ± 51

1316 ± 48

8.4 ± 0.1

Autumn

1633 ± 7

1753 ± 13

8.2 ± 0.01

Winter

1585 ± 12

1682 ± 21

8.3 ± 0.03

Spring

1515 ± 10

1611 ± 16

8.2 ± 0.01

Summer

1384 ± 39

1517 ± 50

8.3 ± 0.01

Autumn

1686 ± 44

1808 ± 51

8.2 ± 0.01

Winter

1672 ± 37

1780 ± 51

8.3 ± 0.03

Spring

1605 ± 43

1718 ± 51

8.2 ± 0.02

Summer

1575 ± 74

1718 ± 81

8.1 ± 0.07

Autumn

1698 ± 61

1852 ± 58

8.3 ± 0.05

Winter

1801 ± 98

1911 ±
119

8.2 ± 0.03

Spring

1742 ± 72

1861 ± 83

8.1 ± 0.02

Summer

1623 ±
128

1786 ±
120

8.2 ± 0.1

Units

WML

pHML

pCO2ML

SML

µatm

TML

MLD

°C

m

13.5 ±
0.4
4.8 ± 0.3

3.3
±1.5
7.3 ±
3.8
5 ± 2.6

3

9.3 ±
2.9

4

n

R1
1.83 ±
0.3
0.84 ±
0.1
0.69 ±
0.1
1.73 ±
0.6

169 ± 59
245 ± 11
229 ± 26
193 ± 82

16.2 ±
1.8
15.5 ±
1.0
5.3 ± 2.5
9.3 ± 1.5

17.2 ±
0.4
27.1 ±
0.4

3
3

R2
1.44 ±
0.1
1.16 ±
0.1
1.26 ±
0.1
1.85 ±
0.2

307 ± 9
232 ± 17
343 ± 14
304 ± 3

20.0 ±
0.5
18.5 ±
0.5
15.9 ±
0.4
13.6 ±
0.9

13.7 ±
0.1
5.5 ± 0.2

4.5 ±
0.7
3 ± 1.4

2

17.2 ±
0.1
28.0 ±
1.2

9 ± 5.7

2

7 ± 2.6

3

21.4 ±
1.5
21.1 ±
1.4
19.3 ±
1.5
18.6 ±
2.4

13.5 ±
0.9
6.0 ± 0.5

6 ±2.8

4

3.8
±1.7
4.5 ±
2.1
4.3 ±
0.5

4

23.0 ±
1.8
24.8 ±
3.3
23.0 ±
2.2
21.2 ±
3.6

14.4 ±
0.2
6.6 ± 0.5

7 ± 5.7

2

3.8 ±
2.8
6.8 ±
2.6
3.7 ±
1.8

6

3

R3W
1.47 ±
0.1
1.28 ±
0.2
1.44 ±
0.1
1.92 ±
0.3

326 ± 19
256 ± 20
381 ± 21
444 ± 85

18.5 ±
0.4
28.7 ±
0.3

4
4

R3E
1.79 ±
0.04
1.31 ±
0.2
1.50 ±
0.1
2.09 ±
0.2

38

289 ± 35
325 ± 28
434 ± 23
416 ±
103

17.6 ±
0.4
27.3 ±
1.9

6
6

Table 4. Mean values of subsurface CO2-system parameters in each region. The ±
represents the standard deviation of the seasonal average of each parameter in the surface
mixed layer in each region. n is the number of stations included when computing the
average value in each season.
DICsub

TAsub

µmol kg-1

µmol kg-1

Autumn

1571 ± 51

1660 ± 52

8.0 ± 0.1

1.16 ± 0.32

389 ± 92

18.7 ±
0.95

14.8 ± 0.5

3

Winter

1682 ± 79

1725 ± 58

7.9 ± 0.1

0.72 ± 0.16

475 ± 163

19.8 ± 1.5

5.4 ± 0.3

3

Spring

1623 ±
193

1583 ±
158

7.5 ± 0.3

0.34 ± 0.19

1602 ± 771

15.6 ± 3.1

13.8 ± 1.1

3

Summer

1674 ±
157

1604 ±
143

7.2 ± 0.2

0.29 ± 0.13

2829 ± 1000

15.3 ± 3.4

23.4 ± 1.4

4

Autumn

1700 ± 25

1817 ± 23

8.0 ±
0.03

1.42 ± 0.04

366 ± 28

22.1 ±
0.66

14.3 ± 0.2

2

Winter

1661 ± 37

1743 ± 42

8.1 ± 0.1

1.03 ± 0.13

303 ± 40

20.0 ± 1.2

5.49 ± 0.3

3

Spring

1630 ± 93

1688 ± 59

7.9 ± 0.2

0.94 ± 0.30

643 ± 331

18.2 ± 1.6

17.3 ± 0.5

2

Summer

1758 ±
178

1785 ±
151

7.6 ± 0.2

0.80 ± 0.25

1349 ± 480

21.2 ± 3.7

25.3 ± 0.7

3

Autumn

1689 ± 61

1811 ± 72

8.1 ±
0.02

1.47 ± 0.12

340 ± 21

21.8 ± 2.0

14.0 ± 0.6

1

Winter

1689 ± 33

1800 ± 45

8.2 ±
0.03

1.3 ± 0.14

256 ± 20

21.7 ± 1.3

5.85 ± 0.2

1

Spring

1647 ± 36

1729 ± 50

7.9 ± 0.1

1.15 ± 0.20

485 ± 69

19.7 ± 1.1

17.7 ± 0.2

2

Summer

1728 ±
174

1800 ±
147

7.7 ± 0.2

1.17 ± 0.26

866 ± 306

21.8 ± 4.4

25.9 ± 2.1

1

Autumn

1756 ± 2

1894 ± 14

8.1 ±
0.03

1.63 ± 0.12

347 ± 27

24.3 ±
0.45

14.1 ± 0.1

1

Winter

1865 ± 67

1992 ± 88

8.1 ± 0.1

1.48 ± 0.24

325 ± 39

27.0 ± 2.5

6.79 ± 0.4

3

Spring

1843 ± 92

1955 ±
114

7.9 ± 0.1

1.43 ± 0.25

532 ± 79

25.7 ± 2.9

16.8 ± 1.3

3

Summer

1903 ± 94

2027 ±
112

7.8 ± 0.1

1.61 ± 0.38

690 ± 237

28.0 ± 3.1

21.7 ± 3.7

5

Units

pHsub

Ωsub

pCO2sub

Ssub

µatm

Tsub

n

°C

R1

R2

R3W

R3E

39

Table 5. Wind speed in each region and season, in m s-1, used to calculate air-sea CO2
fluxes. Regional surface areas provided in m2 and determined from Chesapeake Bay
Program (2004).
Region
R1
R2
R3W
R3E

Autumn
5.6
5.6
6.2
6.2

Winter
5.5
5.5
4.2
4.2

Spring
4.4
4.7
5.8
5.8
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Summer
5.3
5.1
5.1
5.1

Surface Area
908,849,967
1,474,652,418
949,566,911
1,727,035,455

Table 6. Results of the DIC mass balance (µmol kg-1 month-1) in the mixed layer and
whole water column.
R1
Autumn Winter
Winter Spring
Spring Summer
R2
Autumn Winter
Winter Spring
Spring Summer
R3W
Autumn Winter
Winter Spring
Spring Summer
R3E
Autumn Winter
Winter Spring
Spring Summer

∆DICtotalML

∆DICgasML

∆DICcircML

∆DICbioML

∆DICtotalfull

∆DICcircfull

∆DICbiofull

40
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-3

-11

77

9

13

-150

38

-113

-75

-160

-133

-65

81

63

72

-54

106

66

-25

-16

60

-17

-59

-29

-41

-48

-23

15

-26

-12

-54

-85

16

-66

29

-37

-58

-2

12

-43

-5

38

-4

-39

-5

-6

-37

-22

11

-19

-14

-36

-42

-5

-14

-13

-9

8

26

27

12

35

17

20

-2

70

51

2

-20

-11

-20

11

-27

-35

19

-58

-3

-31

-24

-28

8

-33

41

Table 7. Monthly (mol C m-2 month-1) and annual NCP (mol C m-2 year-1) in the surface
mixed layer and whole water column. The uncertainty associated with NCP in the surface
and subsurface waters are 0.08 mol C m-2 month-1 and 0.07 mol C m-2 month-1, respectively.
Dt between autumn and winter and winter and spring was three months and Dt between
spring and summer was two months.
Mainstem

R1

R2

R3W

R3E

Autumn – Winter

0.07

0.35

0.18

0.01

Winter – Spring

0.47

0.07

0.07

-0.06

Spring – Summer

0.34

0.34

-0.04

0.13

Annual
Whole water column NCP

2.3

2.0

0.67

0.11

1.2

Autumn - Winter

-0.22

-0.06

-0.01

-0.03

-0.07

Winter – Spring

-0.11

-0.06

-0.04

-0.04

-0.06

Spring – Summer

-0.20

-0.09

-0.02

0.05

Annual

-1.4

-0.54

-0.19

-0.11

Mixed layer NCP
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0.15
0.10
0.20

-0.05
-0.48

Figure 1. Observed trends in atmospheric CO2 (red) from the Mauna Loa station
on the Big Island of Hawaii and surface water pCO2 (blue) and pH (green) at the
open ocean station Aloha located in the Pacific Ocean, north of the Hawaiian
island chain. Surface pCO2 and pH data used to produce this figure can be found
at:
http://hahana.soest.hawaii.edu/hot/products/HOT_surface_CO2.txt
and
concentrations
of
atmospheric
CO2
can
be
found
at:
ftp://aftp.cmdl.noaa.gov/products/trends/co2/co2_mm/mlo.txt.
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Figure 2. Equilibrium distribution of carbonate species. In current seawater
conditions (indicated by the red line), bicarbonate (HCO3-1) comprises 90% of
carbonate species, followed by carbonate (CO3-2; 9%) and dissolved CO2 (1%).
The relative proportions of each species (H2CO3, HCO3-, CO32-) control pH.
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Figure 3. Regional partitioning of the study area: R1 (blue), R2 (magenta), R3E
(orange), and R3W (green).
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Latitude

39

38

37

Latitude

39

38

37

-77

-76.5

-76

Longitude

-77

-76.5

-76

Longitude

Figure 4. Seasonal surface salinity at each station in the CB
mainstem.
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a

b

Figure 5. The relationship between TA, DIC, and salinity in the CB mainstem based on all
samples collected by VIMS between June 2016 and January 2018 throughout the water column.
Seasons used in this analysis are shown by the colored points. Linear regression analysis based on
circle symbols yielded the following equation (black line): a) TA = 39(S) + 966 (n= 505, R2= 0.96,
p<0.001, standard error = 7 µmol kg-1); TAwinter values computed from this relationship are shown
in blue triangles and b) DICsal = 34(S) + 973 (n= 505, R2= 0.87, p<0.001, standard error = 12 µmol
kg-1). The winter values from VA (i.e., DICwinter = f (TAwinter, pHMP)) are shown in blue triangles.
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Figure 6. Climatological surface temperature (a, c, e, g) and salinity (b, d, f, h) from CBMP
(data from 1984 – 2017), with shaded areas indicating the 25th and 75th percentiles.
Seasonal temperature and salinity observations used in this analysis are shown in blue
circles; orange circles indicate all other months observed over the study period.
Temperature and salinity data from one station per region were used to illustrate the
observed seasonality; (a and b) station CB4.2C in R1, (c and d) station CB5.4 in R2, (e and
f) station CB6.3 in R3W, and (g and h) station CB7.1S in R3E.
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Month

R3E

Figure 7. Average monthly discharge (blue) from the Conowingo Dam (USGS
station # 01578310) over the duration of discrete TA measurements at station CB1.1
by VIMS (June 2016 – April 2018). Circles indicate when discrete concentrations of
surface TA (magenta) was measured at station CB1.1, just south of the Conowingo
Dam.
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Figure 8. The seasonal cycle in the surface mixed-layer of (a) temperature, (b) salinity, (c)
DIC, (d) TA, (e) pH, (f) W, (g) pCO2, and (h) temperature-normalized pCO2 (pCO2Tmean)
with regions distinguished by color. Values below the dashed line in (f) indicate
undersaturation (W < 1.0). The dashed lines in (g) and (h) indicate the concentration of
atmospheric CO2 (406 µatm). Error bars represent one standard deviation.
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Figure 9. The seasonal cycle throughout the subsurface waters of (a) temperature, (b)
salinity, (c) DIC, (d) TA, (e) pH, (f) W, (g) pCO2, and (h) temperature-normalized pCO2
(pCO2Tmean) with regions distinguished by color. Values below the dashed line in (f)
indicate undersaturation (W < 1.0). The dashed lines in (g) and (h) indicate the
concentration of atmospheric CO2 (406 µatm). Error bars represent one standard deviation.
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Figure 6. Air-sea CO2 fluxes throughout the CB mainstem in all season and the
annual average. Positive values indicate an uptake of atmospheric CO2. Error
bars represent one standard deviation.
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a

b

c

d

e

Figure 11. Terms in the mass balance of mixed-layer
DIC: total (grey), gas exchange (blue), circulation
(red), and biology (yellow) in a) R1; b) R2; c) R3W,
d) R3E, and e) the seasonal average for the entire
mainstem. Note the change of scale on the y-axes
between regions R1 and R2 (a and b), and R3W, R3E
and the mainstem average (c - e). Error bars indicate
the estimated uncertainty for each term: 0.01 mol C
m-2 month-1 for DICobsML, 0.03 mol C m-2 month-1 for
DICgasML, 0.07 mol C m-2 month-1 for DICcircML, and
0.08 mol C m-2 month-1 for DICbioML (see section 2.6).
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a

b

c

d

e

Figure 12. Terms in the mass balance of
subsurface DIC: total (grey), circulation
(red), and biology (yellow) in a) R1; b)
R2; c) R3W, d) R3E, and e) the seasonal
average for the entire mainstem. Error bars
indicate the estimated uncertainty for each
term: 0.01 mol C m-2 month-1 for
DICobssub, 0.07 mol C m-2 month-1 for
DICcircsub, and 0.07 mol C m-2 month-1 for
DICbiosub (see section 3.6).
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